The authors report the performance of selective epitaxial Ge ͑400 nm͒ on Si-on-insulator p-i-n mesa-type normal incidence photodiodes using ϳ14 nm low-temperature Si 0.8 Ge 0.2 buffer without cyclic annealing. At −1 V, very low bulk dark current densities of 1.5-2 mA/ cm 2 were obtained indicating good material quality, and the peripheral surface leakage current densities were 14-19.5 A / cm. For 28 m diameter round photodiode, the highest achieved external quantum efficiencies at −5 V were 27%, 9%, and 2.9% for 850 nm, 1.3 m, and 1.56 m optical wavelengths, respectively. 15ϫ 15 m 2 square photodiode has 3 dB bandwidth ജ15 GHz at −1 V. Good performance was achieved without high-temperature annealing, suggesting easy integration of Ge/ Si photodiode unto existing complementary metal-oxide-semiconductor process.
Heteroepitaxy of Ge on Si or on Si-on-insulator ͑SOI͒ substrate is an important material for optical communications because Ge absorbs light at 850 nm and 1.3-1.55 m 1 and also because of its ease of integration to mainstream Si-based complemetary metal-oxide-semiconductor ͑CMOS͒ processes. A normal incidence Ge on Si or on SOI p-i-n photodetector monolithically integrated with CMOS electronics can be a potential cost effective solution for high performance photoreceiver. Currently, the highest reported bandwidth of normal incidence Ge/ Si p-i-n photodetector reaches 39 GHz, 2 in which the Ge/ Si is prepared by molecular beam epitaxy ͑MBE͒. However, while MBE is good for heterointerface control, the growth rate is too slow for mass production. So far, ultrahigh vacuum chemical-vapor deposition ͑UHVCVD͒ has been utilized to prepare Ge/ Si heteroepitaxy by two-stage Ge growth method followed by a cyclic annealing. 3, 4 In this method, 30-50 nm of low-temperature Ge ͑350-400°C͒ followed by ജ1 m of high-temperature Ge ͑550-600°C͒ are grown on Si ͑100͒ or SOI substrate. Combined with selective area Ge epitaxy, the cyclic annealing ͑e.g., with multicycles of 900°C/10 min annealing͒ was shown to reduce the dislocation density to ϳ10 6 cm −2 . As discussed by M. Morse et al., 5 one of the side effects of such high-temperature annealing is the fast Si-Ge interdiffusion, resulting in a reduced responsivity for longer wavelength detection. The approach proposed by Dehlinger et al. 6 is to use the ultrathin ͑ϳ15 nm͒ SOI to limit the amount of Si available for interdiffusion with active Ge. For an ambitious goal of integrating Ge photodetector on existing Si-CMOS or Si-photonic platforms, process module with low thermal budget is highly desired.
In this work, a normal incidence p-i-n Ge/ SiGe/ Si photodiode is fabricated by selective area growth ͑SAG͒ of Ge on patterned SOI substrate using a thin low-temperate Si 0.8 Ge 0.2 buffer ͑ϳ14 nm and ഛ400°C͒ prior to the twostep Ge epitaxy. 7, 8 The combination of low-temperature buffer with selective growth eliminates the cyclic annealing yet achieves device quality Ge with low dark current. This simplifies integration of Ge/ Si photodetector unto existing Si-device platforms and minimizes concern for Si-Ge interdiffusion.
The cross section of the photodiode is shown schematically in Fig. 1͑a͒ . Photodiodes with round mesa for diameters ͑͒ of 10, 20, and 28 m, and square mesas of 7 ϫ 7, 10 ϫ 10, 15ϫ 15, and 25ϫ 25 m 2 were fabricated on the same die. Figure 1͑b͒ shows the SEM top view of round and square photodiodes. The photodiode uses a double-mesa structure using selective epitaxy to grow single-crystal Ge in reduced area and a single dry etch step. In contrast to Ref. 2, no in situ doping was used. Instead, shallow implanted P͑N͒ contact region was used to avoid optical absorption at mesatop region to improve quantum efficiency ͑QE͒ and without sacrificing carrier transit length since mesa depth is 150-200 nm. 2 buffer is thinner and no in situ annealing was used. The overall Ge thickness was about 400 nm. Particulates of amorphous Ge began to form on isolation SiO 2 during the high-temperature Ge epitaxy. After Ge epitaxy, reversed mask photolithography was done to form photoresist to protect the Ge epitaxy. This is followed by plasma etching of amorphous Ge by Cl 2 . HBr/ Cl 2 RIE was used to etch 100-200 nm of mesa. With photoresist patterning, the top of the mesa was phosphorus implanted ͑4 ϫ 10 15 cm −2 / 30 keV͒ and the bottom of the mesa was boron implanted ͑4 ϫ 10 15 cm −2 / 15 keV͒. The dopants were activated at 650°C for 10 s in N 2 . Subsequently, 500 nm PECVD-SiO 2 was deposited. Contacts were opened by RIE, followed by Al deposition, patterning, and sintering at 420°C.
The dark current density of photodiode not only is an indication of material quality 10 but also determines optical receiver sensitivity.
11 Figure 2͑a͒ shows the dark I-V characteristics from photodiodes with various sized mesas in both shapes. For large size photodiodes, round type with =28 m and square type with 25ϫ 25 m 2 , the dark current densities are ϳ21 and ϳ27 mA/ cm 2 , respectively, for reversed bias of 1 V. Figure 2͑b͒ plots the dark currents at 1 V reverse bias as a function of photodiode mesa areas for both types of photodiodes. Since the straight lines through these data points do not pass through the origin, our data suggest that the surface peripheral leakage is contributing to the dark current density. The dark current is related to bulk dark current density ͑J bulk ͒ and the peripheral surface leakage density ͑J surf ͒ by equation
where B is ͱ 4 or 4 for round or square photodiode, respectively.
For a perfectly passivated surface ͑J surf =0͒, the dark current to area relation is expected to be a straight line though the origin with slope equal to J bulk . For nonzero J surf , the dark I against mesa area is parabolic. For round diodes at 1 V reversed bias, the extracted J bulk and J surf are 1.5 mA/ cm 2 and 14 A / cm, respectively. For square diode at 1 V reverse bias, the J bulk and J surf are 2 mA/ cm 2 and 19.5 A / cm, respectively. The low bulk current density of 1.5-2 mA/ cm 2 testifies to the good Ge quality. These high surface leakages can be mitigated in future using amorphous-Si surface passivation. 5 To measure external QE for 850 nm and 1.3 m optical wavelengths, fiber-pigtailed laser diodes were utilized. For 1.56 m optical wavelength, which was verified by optical spectrum analyzer, fiber laser source was utilized. Optical power from each laser source was directed to the photodiodes via a multimode lensed fiber probe. Figure 3͑a͒ shows the photo-I-V characteristics of both round ͑ =28 m͒ and Figure 3͑b͒ shows the external QE of both round ͑ =28 m͒ and square ͑25ϫ 25 m 2 ͒ photodiodes for 850 nm, 1.3 m, and 1.56 m optical wavelengths. The responsivities for each optical wavelength are indicated on the plot for reference. Both the QE and responsivity were computed with the dark current subtracted. For increasing reversed bias voltage, there is a gentle increase in the QE for all the optical wavelengths. At 39, 245, and 400 W of optical powers for the wavelengths of 850 nm, 1.3 m, and 1.56 m, respectively, external QE's were 25%-27% ͑round diode͒ and 21%-27% ͑square diode͒ for 850 nm, 8%-9% ͑round diode͒ and 4%-5% ͑square diode͒ for 1.3 m, and 2.6-2.9% ͑round-diode͒ and 2.2%-2.87% ͑square-diode͒ for 1.56 m, at reversed bias voltage of 0.5-5 V. Round photodiodes tend to give a higher QE than square type for the same optical power because of the modal mismatched between the optical mode from fiber probe and the photodiode structure.
Presently, I dark is about 1 / 100 of the photocurrent. If the surface leakage is suppressed with the I dark to be nanoamperes, the external QE for 850 nm optical illumination on round photodiode is expected to improve to 30%-37%. The external QE is expressed as ext = C͑1-R͒͑1-exp͑-␣L͒͒ int , where R ͑= ϳ 30% inclusive of 500 nm SiO 2 at = 850 nm͒ is the reflectance at the top entrance to the photodiode, ␣ is the absorption coefficient, L is the absorption layer thickness, C accounts for mode mismatch losses, and int is the internal QE. Assuming negligible modal mismatch loss and unity int , the external QE's were estimated to be 48% for 850 nm, 18% for 1.3 m, and 12% for 1.56 m. The best external QE of 37% ͑for suppressed surface leakage͒ for our device at 850 nm can be accounted by the optical losses due to modal mismatch at entrance aperture ͑minimum diameter of optical illumination from fiber probe ϳ50 m͒ and off resonance of vertical cavity length of the photodiode.
For bandwidth assessment, impulse responses were collected for round photodiodes, = 10, 20, 28 m, square photodiodes of 15ϫ 15, and 25ϫ 25 m 2 reversed bias at 1 V using 1550 nm pulsed fiber laser which has an optical pulse width of 80 fs. A 26 GHz bandwidth bias tee was used in the temporal measurement setup. The laser was directed onto the device via a multimode lensed fiber probe. Figure 4͑a͒ shows the impulse responses of the photocurrent pulse picked up by microwave probe and registered on a 15 GHz digital sampling scope for =10 m round photodiode and 15ϫ 15 m 2 square photodiode. For 15ϫ 15 m 2 diode from Fig. 4͑a͒ , the temporal pulse width at the foot of the pulse is about 0.5ϫ 10 −10 s. The frequency bandwidth of the diode should be in the order of 1 / ͑0.5ϫ 10 −10 s͒ = 20 GHz. The photocurrent pulse did not show any obvious slow carrier tail showing potential high speed operation. The fastFourier transform ͑FFT͒ of the temporal response from 15ϫ 15 m 2 device is shown in Fig. 4͑b͒ . The 3 dB bandwidth is ϳ15 GHz. The inset of Fig. 4͑b͒ shows the full width half maximum ͑FWHM͒ temporal pulse width for each device. As the size of the device is reduced, the FWHM-pulse width hits a floor of ϳ22 ps. We believe that the FFT 3 dB bandwidth should be higher for the minimum sized device. Present recorded bandwidth is limited by the sampling scope. In summary, a normal incidence Ge/ SiGe/ Si p-i-n photodetector with 3 dB bandwidth better than 15 GHz at = 1550 nm, using SAG of Ge with low-temperature thin Si 0.8 Ge 0.2 buffer without cyclic annealing, has been demonstrated. The low bulk dark current density of 1.5-2 mA/ cm
